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Summary  The  article  presents  a  procedure  of  obtaining  waveform  of  angular  velocities  for
special segmented  wheels  required  for  smooth  movement  of  a  stair-climbing  chassis  on  stairs.
The waveform  was  determined  for  a  speciﬁed  velocity  of  the  chassis  using  a  dynamic  contact
analysis in  the  CAD  system  SolidWorks.  The  main  part  of  the  work  was  to  verify  whether  real
motors on  a  testing  chassis  are  capable  of  producing  the  required  angular  velocity  with  its
signiﬁcant  step  changes.  The  values  of  angular  velocities  were  sent  to  drive  control  units  from
a software  control  system  of  the  chassis.  The  chassis  was  recorded  during  the  movement  on
stairs on  a  video  camera  and  the  resulting  video  was  then  analyzed  by  a  special  single-purpose
image processing  algorithm,  which  detected  key  points  in  individual  frames.  Outcome  of  the
algorithm  are  tables  with  positions  and  velocities  of  individual  key  points  during  time.  Tests
proved that  with  lower  velocities  it  is  possible  to  achieve  very  good  results  with  the  chassis
moving almost  steadily.
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ntroduction
n  our  department  we  have  been  dealing  with  design  of
 special  wheel  for  movement  on  stairs  (Krys  et  al.,  2014)
or  a  long  time.  A  possible  solution  seems  to  be  a  wheel
ith  rotary  segments  which  is  capable  of  smooth  driving
oth  on  a  ﬂat  ground  and  on  stairs  without  oscillation  of
he  chassis  centre  of  mass.  The  main  considered  applica-
ion  ﬁeld  was  transport  of  handicapped  people  and  unstable
oads,  where  typically  is  used  a  combination  of  wheeled  and
racked  chasses  with  stabilizers  (TGR,  2015;  SANO,  2015)
nd  wheeled  chasses  with  combined  wheels  (Morales  et  al.,
013;  Quaglia  et  al.,  2011;  Le  Masne  de  Chermont,  2004).
nother  potential  ﬁeld  of  application  are  reconnaissance
icle under the CC BY-NC-ND license (http://creativecommons.org/
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the  wheels  (with  the  segments  locked  in  the  optimal  angle)
was  manufactured  for  these  tests.  The  wheels  are  made
from  polycarbonate  PC-10  with  break-away  support  mate-
rial,  supplied  by  STRATASYS.  Previous  tests  showed  thatigure  1  Simulation  model  in  CAD  system  SolidWorks.
nd  manipulation  mobile  robotic  systems,  where  are  pre-
ominantly  used  tracked  chasses  in  various  modiﬁcations
tEODor,  2015;  OSCAR,  2015;  iRobot,  2015;  Li  et  al.,  2013;
iu  and  Liu,  2009).  The  principles  applied  for  prototypes
ith  special  wheels  or  with  rocker-bogie  mechanisms  do  not
rovide  movement  of  the  chassis  without  oscillation  of  its
entre  of  mass  in  vertical  direction  (Herbert  et  al.,  2008;
ich  et  al.,  2008;  Hong  et  al.,  2013;  Boxerbaum  et  al.,  2009).
ur  design  of  a  wheel  with  rotary  segments  is  capable  of
inear  movement  of  the  chassis  with  almost  eliminated  oscil-
ation.  The  variable  radius  of  contact  surface  of  the  wheel
egments  however  causes  ﬂuctuating  velocity  of  the  chas-
is  relatively  to  the  stairs  if  the  wheel  rotation  speed  is
onstant.  The  article  presents  a  way  of  elimination  of  this
henomenon  by  using  variable  angular  velocity  of  wheels;
nd  also  presents  veriﬁcation  that  this  is  practically  possible
o  achieve  on  a  physical  robot  with  real  motors.
imulation
ontact  kinematic  simulation  in  the  CAD  system  SolidWorks
012  was  used  to  determine  the  course  of  wheel  angular
elocity  required  to  produce  constant  movement  velocity
f  the  chassis  when  driving  on  stairs.  The  simulation  model
Fig.  1)  was  tuned  for  constant  angular  velocity  of  the  wheel
◦/s,  cosinusoidal  acceleration  and  deceleration  with  the
otal  running  time  60  s.  Using  this  setup,  velocity  of  the
hassis  relatively  to  the  stairs  was  examined  (Fig.  2).  The
imulation  model  was  simpliﬁed  to  only  one  half  of  the  chas-
is.
Afterwards  the  simulation  model  was  modiﬁed  so  that  the
hassis  moved  with  a  deﬁned  velocity  relatively  to  the  stairs
constant  with  cosinusoidal  acceleration  and  deceleration,
ig.  3)  while  preserving  contact  and  rolling  of  the  segments
n  stairs.  To  achieve  this,  a  line  parallel  with  the  ﬂight  of
teps  was  created  in  the  simulation  model.  One  of  the  trans-
ational  axes  of  a  planar  kinematic  constraint  was  oriented
arallel  to  the  created  line.  A  drive  was  then  deﬁned  on
his  translational  axis  with  the  speciﬁed  values  of  chassis
elocity  (Fig.  3).
F
sigure  2  Velocity  of  the  chassis  in  a  direction  parallel  to  the
ight  of  stairs.
The  next  step  was  to  set  the  maximal  possible  coefﬁcients
f  friction  in  the  contacts  between  wheels  segments  and  the
taircase  to  eliminate  potential  slipping.
Already  the  ﬁrst  tests  showed  a  signiﬁcant  step  change  in
he  wheel  angular  velocity.  For  this  reason  the  simulation  of
limbing  up  four  stairs  was  conﬁgured  for  60  s  (that  means  a
uite  low  translational  speed),  to  increase  the  chance  that
eal  mechanism  with  motors  will  be  able  to  accomplish  the
ovement  as  accurately  as  possible.  The  subsequent  simu-
ation  generated  the  required  waveform  of  angular  velocity
f  wheels  for  the  deﬁned  speed  of  the  chassis  (Fig.  4).  The
tep  changes  (peeks)  mentioned  above  are  clearly  visible  on
he  graph.
The  process  is  analogue  of  inverse  kinematics  used  for
anipulators  with  serial  kinematic  structure.
eriﬁcation on a scaled prototype
he  values  of  required  angular  velocities  determined  by
he  simulation  were  exported  to  a  table  which  was  then
sed  as  input  for  the  drive  control  units  of  motors  of  a
caled-down  chassis  prototype.  A  special  rigid  version  ofigure  3  Required  velocity  of  the  chassis  during  travelling  on
tairs.
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Figure  4  Required  angular  velocity  of  the  wheel  to  achieve
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of stairs.
wheels  with  rotary  segments  made  using  the  FDM  technology
on  the  machine  FORTUS  360  MCL  are  not  rigid  enough  and
their  deformation  under  load  signiﬁcantly  affects  the  test
results.  During  design  and  manufacturing  of  the  parts  we
applied  our  knowledge  acquired  by  tests  on  samples  made
by  the  technology  (Lipina  et  al.,  2014a,b,  2015).
A  very  simple  chassis  was  used  for  the  tests,  as  can  be
seen  in  Fig.  5.  The  frame  consists  of  aluminium  proﬁles  con-
nected  by  screws.  Bearing  houses  ﬁxed  to  the  frame  were
made  using  the  additive  technology  FDM  and  the  same  mate-
rial  as  the  wheels.  Each  wheel  is  driven  by  90  W  Maxon  motor
RE35  in  combination  with  gearbox  GP42C  with  ratio  i  =  113
and  encoder  with  500  pulses  per  revolution.  Control  unit  of
each  drive  is  EPOS  70/10.
For  subsequent  image  analysis,  a  black  board  with  three
LEDs  was  mounted  on  the  chassis  so  that  the  LEDs  were  par-
allel  with  connecting  line  between  both  axles.  The  chassis
was  then  during  the  testing  movement  captured  on  a  video
camera  in  a  slightly  darkened  room.  LEDs  created  very  bright
spots  on  the  video  frames  with  colour  equal  to  clean  white.To  detect  these  spots  in  the  video  frames,  a  special
application  was  programmed  in  Visual  C++  using  the  image
processing  library  OpenCV.  For  each  frame  of  the  video,  a
Figure  5  Scaled  prototype  of  the  chassis  with  adjustable  seg-
mented  wheels.
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F
tigure  6  A  snapshot  from  the  video  made  during  the  test.
emporary  empty  (black)  image  of  the  same  size  as  the  video
rame  is  created  with  just  2  bit  colour  depth.  Then  all  pixels
n  the  original  image  with  colour  vector  close  to  white  colour
255,  255,  255)  are  set  to  white  also  in  the  temporary  image.
ecause  the  video  was  not  ﬁlmed  in  a  fully  dark  room,  there
ere  some  small  areas  around  the  robot  that  were  white
oo,  so  these  areas  were  masked-out  by  drawing  black  rec-
angles  over  them.  This  did  not  affect  the  important  area  of
he  image  at  all.
With  the  temporary  image  containing  all  black  pixels
xcept  for  the  three  white  spots  corresponding  to  the  LEDs,
he  next  step  was  to  use  OpenCV  function  cvFindContours
hree  times  to  ﬁnd  the  individual  spots.  Each  spot  at  this
oment  was  just  a  group  of  pixels,  so  the  function  cvMinEn-
losingCircle  was  then  used  to  ﬁnd  a  minimal  circumscribed
ircle  for  each  spot.  Output  of  this  function  is  radius  of  the
ircle  and  especially  the  coordinates  of  its  centre  (x,  y).  All
hese  coordinates  (six  per  frame)  were  written  to  a  text  ﬁle
ogether  with  frame  number.
Positions  of  the  LEDs  in  pixel  units  could  later  be  con-
erted  to  millimetres  and  also  velocity  and  acceleration  of
he  chassis  was  calculated  using  the  delta  time  between
rames.  Fig.  6  shows  one  frame  of  the  video.
Fig.  7  shows  graph  of  translational  velocity  of  the  chas-
is  relatively  to  the  stairs  with  variable  angular  velocity
igure  7  Graph  of  translational  velocity  of  the  chassis  rela-
ively to  the  stairs—output  of  the  image  processing  application.
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t32  
f  wheels  (acquired  by  the  testing  of  the  scaled  prototype
escribed  above).
iscussion
y  comparing  the  two  graphs  it  is  obvious  that  by  using  vari-
ble  angular  velocities  of  the  wheels,  the  required  waveform
f  chassis  velocity  when  driving  up  and  down  the  staircase
as  acquired  with  some  small  error.  By  the  tests  we  proved
hat  it  is  technically  possible  to  obtain  smooth  velocity  of
he  chassis  equipped  by  segmented  wheels  when  driving
n  stairs.  However,  a  problem  of  this  approach  is  that  it
as  a  ﬁxed  pre-deﬁned  movement  sequence.  By  setting  the
equired  velocity  of  the  chassis  quite  low,  it  was  ensured  that
he  physical  motors  will  be  able  to  react  to  step  changes  in
he  waveform.  By  further  tests  we  will  have  to  ﬁnd  out  where
s  the  maximal  allowed  velocity,  for  which  the  drives  are  able
o  accept  the  values.  Another  question  that  will  require  our
ttention  is  comparison  of  energy  demands  of  the  move-
ents  with  constant  and  table-deﬁned  angular  velocities  of
heels;  and  also  the  ability  of  available  power-sources  to
over  the  peek  currents  during  the  step  changes.
onclusion
imulations  of  a  chassis  equipped  with  shaped  wheels  for
ovement  on  stairs  showed  that  with  constant  revolution
peed  of  wheels,  the  chassis  moves  on  the  stairs  with  oscil-
ating  velocity  relatively  to  the  ﬂight  of  steps.  By  using
ontact  simulations  in  the  CAD  system  SolidWorks,  simula-
ion  models  of  a  longer  and  a  shorter  variant  of  the  chassis
ere  created,  to  discover  the  required  waveform  of  angu-
ar  velocity  of  the  shaped  wheel  to  produce  constant  chassis
ranslational  velocity.
The  waveform  of  required  velocity  contains  four  step
hanges  during  one  wheel  revolution,  which  in  practise  is
mpossible  to  achieve,  because  of  dynamical  limitations.  By
ests  on  a  lower-scale  prototype  it  was  proved  that  for  lower
arget  velocities  it  is  possible  to  get  close  to  the  required
aveform  and  achieve  almost  constant  velocity  of  the  chas-
is.  The  tested  principle  however  is  not  applicable  in  the
ase  of  dynamically  changing  velocity  of  the  chassis  during
ovement,  because  the  data  are  pre-calculated  by  a simula-
ion  for  a  single  setup.  Even  with  the  limitation  of  a constant
elocity  selected  from  a  list  of  supported  velocities,  the
tair-climbing  mechanism  would  have  to  be  equipped  with  a
ery  sophisticated  sensor  system  capable  of  accurate  detec-
ion  of  position  on  the  stairs.  Other  signiﬁcant  problems  on
hich  we  are  working  nowadays  are  related  to  entering  and
xiting  the  staircase.
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